The trypomastigote small surface antigen (TSSA) is a mucin-like molecule from Trypanosoma cruzi, the etiological agent of Chagas disease, which displays amino acid polymorphisms in parasite isolates. TSSA expression is restricted to the surface of infective cell-derived trypomastigotes, where it functions as an adhesin and engages surface receptors on the host cell as a prerequisite for parasite internalization. Previous results have established TSSA-CL, the isoform encoded by the CL Brener clone, as an appealing candidate for use in serology-based diagnostics for Chagas disease. Here, we used a combination of peptide-and recombinant protein-based tools to map the antigenic structure of TSSA-CL at maximal resolution. Our results indicate the presence of different partially overlapping B-cell epitopes clustering in the central portion of TSSA-CL, which contains most of the polymorphisms found in parasite isolates. Based on these results, we assessed the serodiagnostic performance of a 21-amino-acidlong peptide that spans TSSA-CL major antigenic determinants, which was similar to the performance of the previously validated glutathione S-transferase (GST)-TSSA-CL fusion molecule. Furthermore, the tools developed for the antigenic characterization of the TSSA antigen were also used to explore other potential diagnostic applications of the anti-TSSA humoral response in Chagasic patients. Overall, our present results provide additional insights into the antigenic structure of TSSA-CL and support this molecule as an excellent target for molecular intervention in Chagas disease.
C
hagas disease is a major health and economic problem in Latin America, for which no vaccine or appropriate drugs for largescale public health interventions are yet available (1) . It is caused by the protozoan Trypanosoma cruzi, found throughout the American continents in a variety of wild and domestic mammalian reservoirs, and it is transmitted by the bite of infected bloodsucking triatomine bugs. It is estimated that 8 to 10 million people are currently infected with T. cruzi and that up to 120 million individuals living in areas that are endemic for the parasite are at risk of infection (1) . Increasing travel and immigration have also brought the risk of T. cruzi infection into countries that are not endemic for the parasite (2) . Several efforts have successfully been undertaken to control transmission in Latin America, with a concomitant decrease in the actual numbers of acute vector-borne infections (3) . However, humans can also become infected with T. cruzi through the ingestion of tainted food and fluids, receipt of contaminated blood transfusion or organ transplantation, and from mother-to-child during pregnancy/delivery (4) .
The diagnosis of Chagas disease is challenging because it is often asymptomatic in its acute phase and evolves into a chronic stage in which the disease course takes different clinical forms (1) . In addition, and due to a major decline in parasitemia during the chronic phase, the detection of T. cruzi in blood samples by direct examination, hemoculture, or xenodiagnosis is difficult. Several PCR-based procedures have been reported that, though highly specific, present suboptimal sensitivity and require technological expertise and specialized expensive laboratory equipment (5) . In this framework, the detection of anti-T. cruzi antibodies remains the most effective method for demonstrating direct exposure to the parasite (6) . At present, the most widely used serologic methods are indirect hemagglutination assay (IHA), indirect immunofluorescence (IIF), and enzyme-linked immunosorbent assay (ELISA) using total parasite homogenates or semipurified antigenic fractions. Despite their simplicity and low cost, these tests show variations in their reproducibility and reliability that can be attributed to poor standardization of the reagents (7) . In the absence of a single reference test showing ϳ100% specificity and sensitivity, the current guidelines developed by the World Health Organization advise the use of two serologic tests for reaching a conclusive diagnosis. In the case of ambiguous or discordant results, a third technique should be conducted (6) .
Recombinant DNA and peptide synthesis technologies allowed the production and one-step purification of large amounts of T. cruzi immunodominant antigens (8) , some of which were evaluated by way of multicenter trials and are commercially available (9, 10) . These antigens minimize the extent of specificity prob-lems. As reported, serum samples from individuals with other endemic coinfections (especially Leishmania spp.) and/or afflicted by certain autoimmune disorders cross-recognize T. cruzi antigens (6, 11) .
We have shown that the polypeptide backbone of a mucin-like glycoprotein displayed on the surface of infective trypomastigote forms (TSSA [trypomastigote small surface antigen]) elicits strong antibody responses in T. cruzi-infected humans and animals (12) . The TSSA protein encoded by the CL Brener clone of T. cruzi (TSSA-CL) (13) showed Ͼ87% sensitivity in a seropositive chagasic panel from Argentina and Brazil, a value which increased to Ͼ98% when only parasitologically positive samples were considered (11) . Most important, TSSA-CL showed a significant increase in specificity (97.4%) compared to that of the currently used serologic assays (11) .
A detailed genetic characterization of the tssa locus disclosed sequence variations among parasite strains (12, 14) , which correlated with the 6 major evolutionary lineages (TcI to TcVI) that were defined for the T. cruzi species (15) . Interstrain polymorphisms were shown to be focused on the central region of TSSA (12, 14) and to have a major impact on its immunogenicity and antigenicity (11, 12, 16) . Different attempts at using TSSA polymorphisms to design parasite lineage-specific serologic reagents as an indirect approach to allow for the typification of infecting T. cruzi strains have been undertaken (17, 18) . Although these methods can be improved, they showed good concordance with genotyping techniques (17) and support the differential predominance of T. cruzi lineages causing human infections in distinct areas that are endemic for the parasite (13, 19, 20) .
In addition to its serodiagnostic potential, we showed that TSSA functions in vivo as an adhesin, engaging surface receptors and inducing signaling pathways on the host cell as a prerequisite for parasite internalization (16) . Interestingly, the TSSA isoforms encoded by extant parasite evolutionary lineages exhibit differential binding and Ca 2ϩ signaling properties upon interaction with target cells (16) . Overall, the contrasting antigenic and functional features of TSSA isoforms suggest that this molecule may contribute to the differential infectivity and pathogenic and epidemiological features displayed by T. cruzi evolutionary lineages (13, 21) .
In the present work, we mapped the anti-TSSA-CL humoral responses in T. cruzi-infected individuals at high resolution using peptide-and recombinant protein-based approaches.
MATERIALS AND METHODS
Ethics statement. The T. cruzi-infected human samples were obtained from the Laboratorio de Parasitología-Chagas and the Hospital de Niños Dr. Ricardo Gutierrez (Buenos Aires, Argentina). The protocol was approved by the institutional review board of the hospital. Written informed consent was obtained for each subject, and all samples were decoded and deidentified before they were provided for research purposes.
Study population. Serum samples were collected from infected and noninfected subjects. Clotted blood was obtained by venipuncture and analyzed for T. cruzi-specific antibodies by 2 commercially available kits, an ELISA using total parasite homogenate and IHA (both from the Wiener lab, Argentina) (22) . Different panels of serum samples were used in this work. The first panel was composed of 38 samples from healthy noninfected individuals rendering negative results for the 2 serologic tests mentioned above, and these were obtained from the Laboratorio de Parasitología-Chagas, Hospital de Niños Dr. Ricardo Gutierrez, or from different blood banks: Fundación Hemocentro Buenos Aires, Hospital de Enfermedades Infecciosas Dr. Francisco Javier Muñiz, Hospital Italiano de Buenos Aires (all from Buenos Aires, Argentina), and Hospital Municipal Dr. Diego E. Thompson (San Martín, Buenos Aires, Argentina). The second panel was composed of samples collected from 91 individuals (10 to 65 years old) with the chronic phase of the disease that rendered positive results for both serologic tests. The third panel was composed of 24 samples of congenitally infected or noninfected newborns (0 to 9 months old) who were diagnosed by the microhematocrit method (23) . The samples from these newborns rendered also positive results for both serologic tests and, in some cases, by PCR for parasite DNA in blood (24) .
Peptide chip synthesis and screening. The overall design, production, and screening of next-generation ultrahigh-density microarray slides (25) and the data analysis will be explained in detail elsewhere (S. J. Carmona, M. Nielsen, C. Schäfer-Nielsen, J. Altcheh, J. S. Mucci, V. Balouz, V. Tekiel, A. C. Frasch, O. Campetella, C. A. Buscaglia, and F. Agüero, unpublished data). Briefly, microarray slides containing 15mer peptides, including T. cruzi-specific peptides and other controls, were incubated overnight with 1 ml of purified immunoglobulin G (IgG) diluted to 20 g/ml in incubation buffer (0.15 M Tris-acetate [pH 8.0], 0.1% Tween 20) . IgG was purified from serum samples using the Melon Gel IgG spin purification kit (Thermo Scientific), according to the manufacturer's protocol. The purity of the recovered IgG was assessed by Coomassie brilliant blue-stained 12% SDS-PAGE gels, and the concentration was estimated by a comparison against a standard curve of purified bovine ␥-globulin (Bio-Rad Laboratories) (data not shown). After washing with incubation buffer, the slides were incubated for 2 h with secondary antibody (Cy3 goat anti-human IgG; Abcam) at 1 g/ml. After a second washing step with incubation buffer, followed by a subsequent washing step with N-methylpyrrolidone and dichloromethane, the peptide array slides were air-dried, and signals were recorded with an InnoScan 900 laser scanner (Innopsys, Carbonne, France) at 1-m resolution, with an excitation wavelength of 532 nm. Each sample corresponded to 5 different chronic Chagasic serum samples (3 l each) that were pooled before IgG purification, and this pooled sample was assayed in duplicate. The peptide chips were sequentially assayed, first with the negative sample (pooled IgG purified from 5 healthy subjects) and then with the positive sample. With this experimental setup, 2 data sets were obtained for each experiment, one corresponding to the readout from healthy individuals (negative control) and one corresponding to the accumulated signal of the negative plus positive samples. Positive samples were then calculated by substraction (Carmona et al., unpublished data). From the whole-chip analyses, a cutoff range from 2.6 to 3.4 arbitrary units (A.U.) of fluorescence was established, as both sensitivity and specificity were optimal (i.e., all positive controls included in the array were detected, and none of the negative controls included in the array were detected) (Carmona et al., unpublished data). Accordingly, only those peptides yielding Ͼ2.6 A.U. of fluorescence in at least one screening were recorded as positive.
Recombinant proteins. The glutathione S-transferase (GST)-fusion protein bearing the repetitive domain of T. cruzi shed acute-phase antigen (SAPA) has been described (26, 27) . The GST fusion protein bearing the central region (from residues 24 to 61/62) of Sylvio X-10 TSSA (TSSASy ) and CL Brener TSSA (TSSA-CL 24-62 ) have also been described (11) . Variants spanning partially overlapped 15mer sequences from TSSA-CL were constructed by Taq polymerase-mediated fill-in of partially complementary forward (TSSA VI Ep n Fw) and reverse (TSSA VI Ep n Rv) oligonucleotides (see Table S1 in the supplemental material) containing BamHI and EcoRI sites on their 5= ends, respectively. The same strategy was used to generate a second set of partially overlapping 9mer sequences from TSSA-CL. In this case, however, the fill-in reactions were performed using forward (TSSA VI Ep [n ϩ 1] Fw) and reverse (TSSA VI Ep n Rv) oligonucleotides. All of these constructs were treated with BamHI and EcoRI and cloned into pGEX-2T vector (GE Healthcare). PCR using the pGEXfw and pGEXrev oligonucleotides (see Table S1 ) was carried out for the initial screening of the colonies, which were subsequently confirmed using Sanger-based sequencing on an Applied Biosystems ABI3130 capillary sequencer. The supernatants of Escherichia coli strain BL21-CodonPlus (Stratagene) cultures transformed with each construct and induced for 3 h at 28°C with 0.1 mM isopropyl-␤-D-thiogalactopyranoside (Fermentas) were purified by glutathione-Sepharose chromatography (GE) (11) and dialyzed against phosphate-buffered saline (PBS). GST and the GST-fusion molecules were quantified using the Bradford reagent (Pierce), and purity was assessed using Coomassie brilliant blue-stained SDS-PAGE.
Synthetic peptides. Custom peptides were synthesized by GenScript. The purity (Ͼ90%) and identity of the peptides were determined by the manufacturer, using reverse-phase high-performance liquid chromatography, and confirmed by ion-spray mass spectrometry methods, respectively. Some of these peptides bear an additional Cys residue, through which they were individually coupled to maleimide-activated ovalbumin (Pierce), as described previously (28, 29) . The sequence and features of the synthetic peptides used in this work are shown in Table S2 in the supplemental material.
Enzyme-linked immunosorbent assay. An ELISA was performed using flat-bottomed 96-well Nunc-Immuno plates (Nunc, Roskilde, Denmark), as described previously (30) . Briefly, antigens (either GST-fusion proteins or synthetic peptides) were dissolved in carbonate buffer (pH 9.6) as a coating buffer at 10 g/ml. Peptides coupled to ovalbumin and parasite lysates (see below) were dissolved in the same buffer at 1 g/ml and 100 g/ml, respectively. The plates were coated overnight at 4°C with 100 l of the antigen solution, washed 3 times with PBS containing 0.05% Tween 20 (PBS/T), and blocked for 1 h with 4% skim milk in PBS/T at 37°C. The plates were again washed 3 times with PBS/T prior to the addition of serum samples prepared in 4% skim milk PBS/T buffer (at a 1:500 dilution). Following incubation for 1 h at 37°C and washings with PBS/T, peroxidase-conjugated goat IgG to human IgG (Sigma) diluted 1:5,000 in 4% skim milk in PBS/T was added to the plates and incubated at 37°C for 1 h. The plates were washed and incubated with 100 l of freshly prepared citrate-phosphate buffer (pH 5.0) containing 0.2% hydrogen peroxide, followed by 50 l of 3,3=,5,5=-tetramethylbenzidine (Sigma). The reaction was stopped with 100 l of 2 M sulfuric acid, and the absorbance at 450 nm was read. Each sample was assayed in triplicate, unless otherwise indicated. For immunoglobulin M (IgM) determinations, the ELISA was carried out essentially as above, except that the serum samples were incubated at a 1:100 dilution with constant orbital agitation (160 rpm), followed by the addition of peroxidase-conjugated goat IgG fraction to human IgM (Sigma) diluted 1:1,000 in 4% skim milk PBS/T buffer.
Competitive ELISA. The serum samples were diluted up to 10 l in PBS containing 2 g of the indicated synthetic peptide. Following 30 min of incubation at room temperature, the serum-peptide mixtures were diluted up to 1:500 in 4% skim milk PBS/T buffer, added to TSSA-CL coated plates, and processed by ELISA, as described above. Absorbance at 450 nm in the control wells in which the serum samples were incubated for 30 min with 10 l of PBS without peptide was taken as 100% reactivity. Under these conditions, most (if not all) of the peptide-specific antibodies were depleted (not shown), and the remaining reactivity against the TSSA-CL protein should be thus ascribed to B-cell epitopes lying outside the assayed peptide.
Data analysis. The cutoff value for each antigen was calculated using 3 negative-control serum samples assayed in parallel. The reactivity of each serum sample was considered positive for a specific antigen when the mean Ϫ 3 standard deviations (SD) was greater than the mean ϩ 3 SD recorded for the negative sera toward the same antigen. For dot and receiver operating characteristic (ROC) analyses (31), the results were expressed as the percentage of reactivity of the mean absorbance at 450 nm of the positive reference control serum included in each assay run. The ROC analyses were then performed using the GraphPad Prism software (version 5.01 for Windows; San Diego, CA, USA). Pairwise comparisons of the area under the ROC curve (AUC) values were performed using the MedCalc Statistical software version 13.0.6 (MedCalc Software bvba, Ostend, Belgium [http://www.medcalc.org]). Multigroup comparisons were performed using analysis of variance (ANOVA), followed by Bonferroni's correction.
RESULTS
Mapping of antigenic sequences in TSSA-CL using peptide chips. In the context of a project aimed at identifying and finemapping T. cruzi linear B-cell epitopes using peptide microarrays, we produced glass slides containing a tiling array of 15mer peptides derived from T. cruzi proteins (Carmona et al., unpublished data). A subset of the array comprised 78 overlapping 15mer peptides with a 14-residue overlap and 1-residue offset covering the entire TSSA-CL protein, including its predicted sorting signals (12) Table S3 in the supplemental material, and the recognition profile obtained by each sample is reconstructed in Fig. 1A . As shown, both samples yielded a unique and broad fluorescence peak, with positive signals for peptides p24-38 to p43-57 (sample 1) or p24-38 to p45-59 (sample 2). Together, the reactive peptides encompassed most of the mature region of TSSA-CL (i.e., the TSSA-CL sequence predicted to be displayed on the parasite surface upon processing of the N-terminal signal peptide and the C-terminal glycosylphosphatidylinositol [GPI]-anchoring motif) (Fig. 1B) . Within this region, each IgG sample generated a unique profile of recognition toward individual TSSA-CL peptides, with maximal reactivity recorded either for p31-45 (sample 1) or p36-50 (sample 2) ( Fig. 1A ; see also Table S3 ). Differences in the recognition profiles can in principle be attributed to intersample, and thus interindividual, differences in the specificity of the anti-TSSA-CL humoral response (see below).
Mapping of antigenic sequences in TSSA-CL using recombinant proteins. To refine our search for antigenic sequences and to further address the variability in anti-TSSA-CL humoral responses among Chagasic patients, we undertook a complementary approach based on the use of recombinant proteins. To that end, a panel of 5 TSSA-CL deletion variants composed of partially overlapping sequences of 15 residues with a 6-amino-acid residue offset (Fig. 1B) were expressed as GST-fusion proteins in E. coli and purified through GST affinity chromatography (see Fig. S1 in the supplemental material). Together, these molecules encompassed residues 24 to 62 and hence the entire region of TSSA-CL showing reactivity in the chip assays (see Table S3 in the supplemental material). Additional GST, TSSA-CL , and TSSASy 24-61 molecules (11) were expressed and purified in parallel to be used as controls (see Fig. S1 ). The serum samples collected from chronic Chagasic patients were individually assayed by ELISA against every GST-fusion molecule, and the absorbance was normalized to GST (see Fig. S2 in the supplemental material). The cutoff for each antigen was determined using 3 negative samples evaluated in parallel (not shown), and a schematic diagram show-ing the reactivity (positive or negative) of each Chagasic serum against every individual GST-fusion molecule is presented in Fig. 1C . As shown, TSSA-CL , our positive control, was recognized by 46/51 tested samples (90.18% prevalence), whereas TSSA-Sy was not recognized by any sample (not shown), which is in close agreement with our own previous data (11, 30) .
Among the 15mer variants, maximal performance was recorded for TSSA-CL [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] (90.18%), followed by TSSA-CL [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] (56.86%) and TSSA-CL 42-56 (40.81%) (Fig. 1C) . Interestingly, all serum samples that recognized TSSA-CL 24-62 also reacted against TSSA-CL 30-44 (Fig. 1C) . Moreover, ϳ80% of the reactive serum samples (36/46) showed similar antibody titers toward either molecule (i.e., ⌬ absorbance values, Ͻ25%; data not shown). TSSA-CL [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] and TSSA-CL 48-62 , on the other hand, yielded negative results for every serum sample tested (Fig. 1C) . TSSA-CL [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] matched the sequence of p48-62 in the chip array, which was also recorded as negative for both IgG samples (see Table S3 in the supplemental material). In the case of TSSA-CL [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , however, its matching peptide (p24-38) was recorded as positive for both IgG samples in our chip assay (see Table S3 ). Despite this discrepancy, which can be attributed to a higher sensitivity of the microarray, our data showed a close agreement between the two kinds of assays (peptide-chip arrays and GST-fusion protein-based ELISA).
To further analyze the anti-TSSA-CL humoral responses, we next generated a second panel of TSSA-CL deletion variants composed of 4 partially overlapping 9mer sequences with a 6-amino acid residue offset (Fig. 1B) . Together, these 4 molecules encompassed the entire region (residues 30 to 56) of TSSA-CL showing reactivity by ELISA (Fig. 1C) . The 9mer variants were expressed and purified, as described above (see Fig. S1 in the supplemental material), and assayed by ELISA against the same panel of chronic Chagasic serum samples ( Fig. 1C ; see also Fig. S2 in the supplemental material). The TSSA-CL [42] [43] [44] [45] [46] [47] [48] [49] [50] and TSSA-CL 36-44 deletion variants displayed modest prevalences (37.26% and 33.33%, respectively), whereas TSSA-CL [30] [31] [32] [33] [34] [35] [36] [37] [38] and TSSA-CL 48-56 yielded negative results for every serum sample tested. Based on these findings, we conclude that the serodiagnostic performance of the 15mer TSSA-CL [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] relies on residues present in both 9mer variants that in concert cover TSSA-CL [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] (TSSA-CL [30] [31] [32] [33] [34] [35] [36] [37] [38] and TSSA-CL [36] [37] [38] [39] [40] [41] [42] [43] [44] ; Fig. 1B) . The same was true for the TSSA-CL 36-50 molecule, which displayed a significantly increased prevalence compared with that of any of the two 9mer variants (TSSA-CL [36] [37] [38] [39] [40] [41] [42] [43] [44] and TSSA-CL [42] [43] [44] [45] [46] [47] [48] [49] [50] ) derived from it ( Fig. 1B and C) . The 15mer variant TSSA-CL [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] , however, showed similar reactivity toward individual serum samples and overall prevalence as those of the TSSA-CL 42-50 molecule (Fig. 1C and not shown) , indicating that residues 51 to 56 are largely dispensable in terms of their serodiagnosis potential. Taken together, the ELISA results revealed a differential TSSA-CL recognition signature for each serum sample (Fig. 1C) , thus supporting the variability of anti-TSSA-CL humoral responses among chronic Chagasic individuals suggested by the peptide arrays assayed with pooled samples (Fig. 1A) . In addition, the fact that TSSA-CL [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] was able to recapitulate most of the diagnostic performance of TSSA-CL suggested that linear B-cell epitopes between residues 30 to 44 drive the recognition of anti-TSSA-CL antibodies elicited by chronic Chagasic patients. Additional linear B-cell epitopes between residues 36 to 50 might also contribute, though to a lesser extent, to this recognition.
To evaluate this hypothesis, we carried out competitive ELISAs. To that end, plates were coated with the recombinant TSSA-CL molecule and assayed with 8 serum samples from chronic Chagasic patients not previously evaluated and for which no a priori information regarding the TSSA-CL recognition profile was available. Before being added to the plate, the serum samples were incubated with PBS (negative control) or with different synthetic peptides derived from TSSA-CL (see Table S2 in the supplemental material). Preincubation with p36-50 had a moderate effect (up to 30% inhibition, depending on the sample), consistent with the presence of the minor linear B-cell epitope(s) underscored above (Fig. 1D) . Conversely, preincubation with p30-44, which was predicted to contain the major B-cell epitope(s) of TSSA-CL ( Fig. 1C; see also Fig. S2 in the supplemental material), yielded consistent and significant inhibition, which ranged from 30% to 80% (Fig. 1D) . Most importantly, preincubation with a 21mer peptide that combined the sequences of both the p30-44 and p36-50 peptides (p30-50) yielded maximal inhibition (from 70 to 90%), whereas a scrambled version of this peptide (p30-50sc) used as a control did not significantly inhibit reactivity in any case (Fig. 1D) . Overall, competitive ELISA studies support the hierarchical role proposed for p30-44 and p36-50 sequences in the recognition of anti-TSSA-CL antibodies and suggest that a molecule combining both sequences may be able to recapitulate the overall serodiagnostic performance (in terms of specificity and sensitivity) of TSSA-CL.
Validation of a TSSA-CL peptide as a novel tool for Chagas disease diagnosis. To evaluate the diagnostic performance of p30-50, 2 panels of serum samples obtained from noninfected individuals (n ϭ 38) or from patients with chronic Chagas disease (n ϭ 70) were analyzed by ELISA. For comparison purposes, the same analysis was performed in parallel using the GST-fusion TSSA molecule (11) . For both antigens, a significant difference in the overall reactivity values between the negative and positive populations was obtained (P Ͻ 0.001; Fig. 2A ). Most importantly, TSSA and p30-50 displayed highly informative area under the ROC curve (AUC) values (TSSA 24-62 AUC, 0.9647; p30-50 AUC, 0.9741; Fig. 2B ) that yielded nonsignificant statistical differences (P ϭ 0.4792). These results indicate that the recombinant protein TSSA and the peptide p30-50 exhibit equivalent diagnostic performance under these experimental conditions. The coupling of the p30-50 peptide to ovalbumin via its N-terminal Cys residue (see Table S2 in the supplemental material) did not affect its diagnostic performance (not shown).
TSSA-CL is not a suitable biomarker for diagnosing congenital infections. The prevalence of Chagas disease in pregnant women in Latin America ranges from 5% to 40% depending on the geographical area, and the rate of vertical transmission is esti- mated to be 4% to 10% (32) . Due to the shortage of biomarkers specific for the acute stage (32, 33) , the current serologic tests are misleading in the early diagnosis of congenital T. cruzi infections, and a parasitological test should be performed on newborns for diagnosis (22) . Within this framework, we evaluated the potential use of TSSA-CL in the serodiagnosis of congenital infections. Serum samples from 12 congenitally infected and 11 uninfected newborns (1 to 268 days old) born to T. cruzi-infected mothers were analyzed for IgG and IgM responses by ELISA (Table 1) . When available, serum samples from their corresponding mothers were analyzed in parallel. IgM responses to TSSA-CL were only detected in 1/12 congenitally infected newborns, whereas IgM responses to a GST-fusion spanning SAPA, a T. cruzi antigen known to elicit humoral responses during the acute phase of the disease (34), were detected in 4/12 samples (Table 1) . Of note, a broad IgM response to both TSSA-CL and SAPA was detected in 1 sample obtained from a Chagasic mother (Table 1) .
When analyzed for IgG antibodies, 11/12 Chagasic mothers had detectable responses toward TSSA-CL , whereas 5 of them also showed reactivity to SAPA (Table 1) . These values are compatible with the prevalence of either antigen in patients in the chronic stage of the disease (11, 30, 34 ). An analysis of the serum samples from the corresponding newborns showed IgG responses against total parasite lysates (10/12) and against TSSA-CL (8/12) and SAPA (7/12) ( Table 1 ). It is noteworthy that the IgG titers against SAPA were consistently higher in the infected newborns than those in the chronically infected mothers (Table 1) , which cannot be easily explained by transplacentally transferred antibodies from their mothers. Moreover, 3 of the infected newborns displaying IgG responses against SAPA were born to SAPA- IgG titers were consistently higher in chronically infected mothers than those in their infected or uninfected newborns (Table 1) . A similar analysis using serial dilutions of selected paired serum samples were performed to further address this issue (see Fig. S3 in the supplemental material) . Together, our data indicate that TSSA-CL is not an acute-phase antigen in Chagas disease and hence does not provide a suitable biomarker for the serologic diagnosis of congenital infections.
DISCUSSION
The lack of highly accurate methods to diagnose Chagas disease hampers the correct identification and treatment of T. cruzi-infected individuals and restricts the evaluation of the effectiveness of initiatives aimed at developing novel chemotherapy or vaccination strategies (6) . To overcome this limitation, different approaches intended for the identification of T. cruzi immunodominant molecules have been undertaken (35) (36) (37) (38) (39) . However, B-cell epitope mapping by high-resolution scanning of antibody-binding specificities toward these antigens, which is critical in guiding the design and production of customized serodiagnostic reagents with improved specificity (40) , are still scarce.
To gain further insights into the antigenic structure of TSSA-CL, we undertook in this study an exhaustive mapping of immunoreactive sequences using a combination of peptide-and recombinant protein-based approaches. Overall, our results indicate a high variability in the anti-TSSA-CL humoral responses among chronic Chagasic patients, which translates into differential antibody recognition signatures (Fig. 1C) . This is compatible with the existence of a broad antigenic region in TSSA-CL, spanning most of its mature region, which is likely composed of distinct and partially overlapping linear B-cell epitopes. Despite this interindividual variability, our data indicate that a linear B-cell epitope(s) between residues 30 to 44 and, to a lesser extent, between residues 36 to 50, drives the recognition of anti-TSSA-CL antibodies elicited by chronic Chagasic patients. Indeed, a synthetic peptide combining both sequences (p30-50) is able to recapitulate the overall serodiagnostic performance of TSSA-CL observed in previous studies (11) . Peptide p30-50 may provide for the development of reproducible, easily manufactured, and standardized reagents for rapid, high-throughput, and low-cost serodiagnosis of Chagas disease. Additional advantages over a conventional GST-fusion antigen can be envisaged. On one hand, p30-50 may provide an advantage in terms of the specificity of the diagnostic assay. As previously shown (11), when used under more stringent conditions, a minimal fraction of Chagas-negative serum samples from patients affected by autoimmune and/or other endemic coinfection diseases reacted against bacterium-derived contaminants and/or the GST motif in TSSA-CL . On the other hand, p30-50 may contribute to improve the robustness of TSSA-based serologic methods in molecular epidemiology studies (17, 18) . The use of a more defined reagent lacking most of the sequences conserved across TSSA isoforms (14) may diminish its level of cross-recognition by antibodies elicited toward a different TSSA isoform.
The interindividual variability in anti-TSSA-CL humoral responses disclosed here might be further explored in other areas of Chagas disease research (6, 41) . Although our data indicate that TSSA does not provide a suitable biomarker for the serologic diagnosis of congenital infections, a comparative evaluation of more defined populations of chronic Chagasic individuals (i.e., those with different clinical forms, times postinfection, or times upon undergoing chemotherapy) might lead to the identification of differential antibody recognition signatures.
In summary, our present results provide additional insights into TSSA-CL antigenic structure. Our findings, together with the identification of novel T. cruzi antigens as a result of ongoing screenings of peptide microarrays (42, 43 ; Carmona et al., unpublished data), will contribute to the definition of a highly effective antigenic panel for Chagas disease serodiagnosis.
